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INTRODUCTION 
The incorporation of CO^ into C-C bonds of organic com-, 
pounds by higher plants, algae, and photosynthetic and chemo-
synthetic bacteria was known prior to 1935- The stimulatory 
effect of COg upon the growth of heterotrophs had been re- . 
ported, but it was assumed that the role-of CO^ in the growth 
of heterotrophs was confined to physical functions, such as 
influence of cell permeability, pH, and oxidative-reductive 
potentials. 
In 1935 Wood and Werkman discovered that CO^ was,indeed, 
being utilized in the metabolism of heterotrophic bacteria. 
Since that time a number of workers have investigated the 
incorporation of CO^ by a host of heterotrophs. Hetero­
trophic COg fixation is now known to be directly involved in 
the biosynthesis of the acids of the tricarboxylic cycle, 
amino acids, fatty acids, carbohydrates, purines, pyrimidines, 
ornithine (carbamyl phosphate), and cholesterol. 
The present study concerns CO^ fixation by whole cells 
and cell-free extracts of enterococci and was undertaken in 
an attempt to eludicate the metabolic role of carbon dioxide 
in this group of bacteria. 
REVIEW OF LITERATURE 
Prior to 1935> there had been several observations on 
the stimulatory effect' of carbon dioxide in the growth, of 
heterotrophs although, no mechanisms had been suggested for 
its assimilation into organic compounds. Among the first 
observations of the importance of CO^ to metabolism of 
heterotrophs was the observation that tubercle bacilli were 
inhibited when carbon dioxide was absorbed by alkali (Wherry 
and Ervin, 1918). Cohen and Fleming (1918) reported that 
the addition of 10 per cent CO. was as effective as the 
addition of an aerobe in the growth of meningococci. Chapin 
(19I8) observed that CO^ facilitated the growth of gonococci. 
Rockwell and Highberger (1927) suggested that the requirement 
for C0_ as a carbon source by bacteria, yeasts, and molds was 
universal. The fact that bacteria require CO^ for growth was 
confirmed by Valley and Rettger ' (1927), Gladstone ^  al. 
(1935)» and Rahn (19^1). At this point, however, the only 
evidence was that growth, occurred only in the presence of 
CO.; only in the past 30 years have the mechanisms of CO^ 
incorporation (for the most part) been elucidated. 
3 
Carboxylation of Organic Compounds 
A mechanism for -the incorporation of CO^ into C-C bonds• 
of organic compounds by heterotrophs was proposed by Wood and 
Werkman (1935j 1936) as an explanation for the production of 
acetate, propionate, and succinate from the assimilation of 
COp. This novel concept was not readily accepted because it 
was contrary to the concepts of thermodynamics of that time. 
Furthermore, it was generally believed that carbon dioxide 
affected cell growth only in a physical manner. One of the 
confirmations of COp incorporation as a real process was the 
report (Elsden, 1938) that succinate production was enhanced 
in cultures of Bacterium coli commune (Escherichia coli) by 
increasing the CO^ concentration. Subsequent research, by 
Wood and Werkman (1938) also verified and expanded the 
original proposal. 
The Wood-Werkman reaction 
Relationships between carbon dioxide" fixation and the 
succinate found were demonstrated by Wood and Werkman (1938). 
These results led to the proposal that the succinate was a 
result of a and synthesis. To account for CO^ fixa­
tion into succinate, Wood and Werkman (1938) proposed the 
following scheme: . 
4 
CH^COCOOH + COg <- -> COOHCHgCOCOOH (1) 
pyruvic acid oxalacetic acid 
COOHCHgCOCOOH + 2H <• •> COOHCHgCHOHCOOH ( 2 )  
oxalacetic acid malic acid 
COOHCHgCHOHCOOH + 2H <• •> COOHCH^CHgCOOH (3) 
malic acid succinic acid 
This series of reactions was proposed as a working 
hypothesis and to represent the empirical course of events; 
actual fixation reaction. Phelps et aJ_. (1939) confirmed the 
phenomenon of heterotrophic assimilation of carbon dioxide. 
The first details of the concept of CO^ assimilation 
were revealed following a study of various inhibitors and 
substrates (Wood and Werkman, 19^0a). The inhibition of CO^ 
fixation by NaP (Wood and Werkman, 19^0b) indicated that the 
•reaction involved a fluoride-sensitive phosphorylatIng 
mechanism, and the presence of phosphopyruvate was suggested. 
- .With the advent of isotope carbon as a means of ex­
ploring physiological processes, conclusive proof of C0_ 
assimilation was made possible. Carson and Ruben (1940) with 
radioactive and Wood ^  (19^0) with heavy 
studied in more detail the mechanism of the fixation reaction. 
Both E. coli and Propionobacterium pentasaceum were found 
to fix CO^; the label appeared in the carboxyl carbons of 
it was not intended to reveal the intermediate steps in the 
5 
succinate. These findings supported the previously-proposed 
conversion of pyruvate and COg to succinate. 
Using Krampitz ^  al. (19^3) showed that the 
Wood-Werkman reaction was reversible and that oxalacetate was 
involved. Micrococcus lysodeikticus preparations catalyzed 
the production of pyruvate and CO^ from oxalacetate. When 
13 COg and oxalacetate were added to the enzyme preparation, 
labeled oxalacetate was formed by an exchange reaction, 
Indicating that this would be the enzyme involved in the 
carboxylation of pyruvate. 
Pyruvate 
Pyruvic carboxylase As early as 19^5» Utter and 
Wood reported the carboxylat ion of pyruvate by avian 
-liver extracts. At that time, there was not enough proof to 
designate free pyruvate as the CO^ acceptor. Fifteen years 
later-. Utter and Keech (i960) isolated from avian liver 
mitochondria pyruvic carboxylase, which catalyzed the 
following reaction: 
pyruvate + COg + ATP < :—> oxalacetate + ADP + Pi 
(4) 
Pyruvate was directly carboxylated to "form oxalacetate 
in the reaction. This is the only enzyme that catalyzes a 
reaction similar to that originally proposed by Wood and 
Werkman. 
6 
Reaction ^  has been detected among the following micro­
organisms: Micrococcus lysodeikticus (McManus, 1951)» As­
pergillus niger (Woronick and Johnson, i960 ; Bloom and John-, 
son, 1962), Pseudomonas citronellolis (Seubert and Remberger, 
1961) , Chromâtium sp. (Fuller ejb a2. , 1961) , Clostridium 
kluyveri (Stern, 1963), Saccharomyces cerevisiae (Gailiusis 
et aJ., 1964; Losada et al., 1964), Lactobacillus arabinosus 
(Abies, 1965) and M. cerificans (Lerud and Finnerty, I967). 
The reaction catalyzed by this enzyme from different 
sources requires the presence of Mn or Mg and ATP. An 
exception is the enzyme from M. lysodeikticus (McManus, 1951)» 
which does not require ATP. The activity of enzymes from 
different sources is affected in different ways by acetyl-
CoA; whereas the avian liver enzyme absolutely requires 
acetyl-CoA, the A. niger enzyme (Bloom and Johnson, 1962) and 
P. citronellolis enzyme (Seubert and Remberger, I96I) do not. 
Enzymes from-mammal!an liver (Freedman and Kohn, 1964), 
Chromâtium sp. (Fuller et a2., I96I) and M.cerificans (Lerud 
and Finnerty, I967) are stimulated by the the presence of 
acetyl-CoA. Biotin is apparently involved in the reaction 
because the activity of the enzyme from diverse sources is 
inhibited by avidin. 
7 
Malic enzyme 
In 1947, Ochoa a2. (19^7) described an enzyme from 
avian liver which catalyzed the following reaction: 
pyruvate + CO^ + NADPH < > L-malate + NADP (5) 
Oxalacetate was not Involved in this reductive carboxylation 
reaction, while NADP and Mn"^"^ were essential cofactors. It 
was suggested, therefore, that Reaction 1 was an artifact and 
that the oxalacetate formed was actually formed by oxidation 
of malic acid. Workers did not realize at this time that 
separate enzymes catalyzed Reactions 4 and 5» so that in 
several investigations attempts were made to explain one by 
the other. Finally, Utter (1951) elucidated the matter by 
demonstrating that Reactions 4 and 5 were, in fact, catalyzed 
by two different enzymes. He showed that malate was not the 
precursor of oxalacetate in Reaction k, and oxalacetate was 
not the precursor of malate in Reaction 5* 
Malic enzymes have also been detected in L. arabinosus 
(Korkes _et aJ.., 1950), Hydrogenomonas facilis (Judis et al. , 
1955)J Pseudomonas oxalaticus (Quayle and Keech, 1959) and, 
very recently, in E. coll (Ashworth et aX.j I965) and 
Rhodotorula glutinls (Ruiz-Amll ^  al". , I965 ) • 
The enzymes from P. oxalaticus and R. glutinls, like 
the avian enzyme, were NADP-specific whereas the enzymes 
from L. arabinosus and H. facilis were NAD-specific. 
8 
Phospho-enol-r>yruvatë ( PEP ) 
PEP çgrboxykinase Utter and Kurahashi (1953) dis­
covered this enzyme, which carboxylates PEP .instead of pyru­
vate, as shown below: 
PEP + COg + IDP (GDP) < > oxalacetate + ITP (GTP) 
( 6 )  
The purified enzyme from avian liver which catalyzes this 
reversible reaction is specific for guanosine and inosine 
phosphate (Kurahashi ejt , 1957) « 
The occurrence of the enzyme in microorganisms is quite 
widespread; it has been found in Thiobacillus thiooxidans 
(Suzuki and Werkman, 1958) , Mycobacterium -phlei (Baugb e^  aj^ . , 
1958), Nocardia corallina (Baugh et , 1959), P. oxalatlcus 
(Quayle and Keech, 1959), cerevisiae (Cannata and Stoppani, 
1959), A. niger (Woronick and Johnson, i960), Pasteurella 
pestis (Baugh _e^ , 1964) , and E. coli (Ashworth _et aJ_. , 
1965). 
The enzymes from _S. cerevisiae and E. coli were ADP 
specific. Mn or Mg was necessary for activity of' the 
enzyme from the different biological systems. 
PEP carboxylase Almost simultaneously with the first 
report of PEP carboxykinase, Bandurski and G-reiner (1953) 
isolated PEP carboxylase from spinach. This enzyme catalyzes 
the following irreversible, nucleotide-independent, reaction: 
PEP + COp > oxalacetate + Inorganic phosphate (?) 
9 
Suzuki and Werkman (1957) discovered the same enzyme in 
T. thiooxidans. It was thought that this enzyme was confined 
only to autotrophic bacteria until E. coli (Amarasingham 
1959)J Salmonella typhimurium (Theodore and Englesberg, 1964) 
and P. pestis (Baugh et aJ.., 1964) were found to.exhibit it 
also. 
PEP carboxylase has a high affinity for both CO^ and"PEP 
(Bandurski and Greiner, 1953). Not surprisinglythe forma­
tion of dicarboxylic acids in E. coll was effected solely by 
PEP carboxylase in spite of the fact that malic enzyme and 
PEP carboxykinase"were quite abundant; (Ashworth ^  a2., 1965). 
Theodore and Englesberg (1964) observed the same phenomenon 
In _S. typhi murium. 
PEP carboxytrans-phosphorylase This enzyme, isolated 
from Propionobacterium shermanii (Siu et al., I96I), catalyzes 
the following reversible reaction: 
PEP + COg + Pi < > oxalacetate + pyrophosphate 
( 8 )  
PEP is carboxylated into oxalacetate with inorganic 
phosphate serving as a phosphate acceptor for PEP. Mg"'""'" is ' 
-h4-
required; this metal ion can be replaced by Mn 
The presence of this enzyme in other organisms has not 
been reported. 
10 
g-KetogTutarate -• -
The reductive carboxylation of a-ketoglutarate to 
isocitrate was first observed by Ochoa (19^5) pig heart 
homogenate. The enzyme was designated as isocitrate dehydro­
genase. 
No bacteria have been reported to possess this enzyme. 
Eibulos6-5-phosphate 
Horecker and Smyrniotis (1952) first reported a, 
phosphogluconic dehydrogenase from yeast which catalyzes the 
following reversible, requiring reaction: 
ribulose-5-ph.osphate + NADPH < > 6-phosph.ogluconate 
+ NADP (9) 
This reaction was detected in Bacillus subtilis and B. 
megaterium (Dedonder and Noblesse, 1953)» Pseudomonas 
fluoréscens (Wood and Schwerdt, 195^)> Leuconostoc mesenter-
oides (DeMoss and Gibbs, 1955)» and Zygorhynchus moelleri 
(Moses ^  a2., 1959). 
Bibulose-1,9-diphosphate 
Eibulose diphosphate carboxylase was first observed in 
Chlorella (Quayle et , 195^)• This enzyme is believed to 
catalyze the reaction shown below, which is thought to be 
part of the photosynthetic mechanism for CO^ fixation: 
11 
ribulose-l ,5-â.iphosphate + 00^ > 2 phosphogyceric 
acid (10) 
Reaction 10 was later observed in Thiobacillus denitrif1-
cans (Trudinger, 195^), E. coll (Fuller, 1956), T. thiooxldans 
(Suzuki and Werkman, 1958), .and P. oxalaticus (Quayle and 
Keech, 1959). 
5-Aminoimidazole ribonucleotide 
One of the steps in the synthesis of purine nucleotides 
is catalyzed by aminoimidazole ribonucleotide carboxylase 
and proceeds as follows : 
5-aminoimidazole ribonucleotide + COg > 
5-amino-^-imidazole carboxylic acid ribonucleotide 
(11) 
The carbon dioxide is incorporated in the 6 position of 
the purine ring. This reaction was first demonstrated by 
Lukens and Buchanan (1957) in extracts of avian liver. The 
enzyme has not been studied in microorganisms. 
5-methylcrotonyl-CoA 
In the course of study of leucine degradation, 3-hydroxy-
P-methyl-glutaryl'-CoA was suggested to arise from the carboxy-
lation of g-hydroxy-isovaleryl-CoA in heart extract (Bach-
hawat et , 1956). The true CO^ acceptor was later found 
to be g-methylcrotonyl-CoA in extracts of Mycobacterium sp. 
12 
(Lynen, 1959). P-methylcrotonyl carboxylase, therefore, •-
catalyzes the following reaction: 
ATP + COg + methylcrotonyl-CoA > ADP + Pi + 3-
methylglutaryl-CoA (12) 
Rilling and Coon (i960) found this enzyme in Pseudomonas 
oleoverans. 
Acetyl-CoA 
Acetyl carboxylase catalyzes the reaction shown below : 
Acetyl-CoA + CO + ATP < > malonyl-CoA + ADP + Pi 
(13) 
The demonstration that COg stimulated fatty acid syn­
thesis in yeast (Klein, 1957) aroused great interest in Re­
action 13. Wakil (1958), using enzymes from animal tissue, 
described the formation of malonyl-CoA from acetyl-CoA as the 
first step in the synthesis of long-chain fatty acids'. The 
reaction requires the presence of Mn"^"^, ATP, and HCO^~ also. 
The presence of biotin was detected in the enzyme preparations 
of Wakil _e;t a^. (1958) . 
The enzyme has been detected also in Mycobacterium avium, 
M. smegmatis, and Nocardia asteroides (Kusunose et aJ_., 1959), 
N. corallina (Baugh, '1961) , and S_. cerevlsiae (Den and Klein, • 
I96I). 
13 
Proplonyl-CoA 
Flavin ^  a2. ( 1957 )• reported the overall reaction for 
carboxylation of propionyl-CoA in pig heart preparation as • 
follows: 
ATP + COp + Propionyl-CoA < > ADP + Pi + methyl-
malonyl-CoA (14) 
Tietz and Ochoa (1959) and Kaziro ^  aJ. (i960, 196I) 
further established the reversibility of Reaction 14 and the 
necessity for biotin for the activation of CO,. Mg is re­
quired as a cofactor. 
In microorganisms, Gibson and Knight (I961) observed the 
carboxylation of propionyl-CoA by R. rubrum extracts and 
Baugh (1961) observed it in N. corallina preparations. Fix­
ation of ^^COg was also observed in M. smegmatis (Stjei'nholm 
et al., 1962). 
The involvement of just one enzyme in the carboxylation 
of the acyl-CoA group has been suggested. The enzymic car­
boxylation of the acyl-CoA group occurred in the a-carbon 
and required one mole of ATP per mole of acyl-CoA. All 
propionyl carboxylase preparations were completely inhibited 
by avidin. Stern _et al. (196I) reported that in rat liver 
mitochondria the rates of carboxylation of propionyl- and 
butyryl-CoA were almost equal while that of acetyl-CoA was 
lower. Lane ^  (i960) observed that in addition to 
catalyzing the carboxylation of acetyl, propionyl, and 
14 
butyryl-CoA, the propionyl carboxylase catalyzed the car-
boxylation of isobutyl, crotonyl- and valeryl-CoA. 
The Role of Biotin in CO^ Fixation Reactions 
Biotin was first implicated in the synthesis of oxal-
acetate after it was observed that the former could be re­
placed partially by aspartic acid (Koser e_t a2. , 1947). 
Lardy et a^. (194?) shed more light on the role of biotin by 
showing that oxalacetate and bicarbonate could replace 
aspartic acid in stimulating the growth of lactic acid bac­
teria when grown in a medium low in biotin. On the basis of 
inhibition analyses performed with biotin analogs, Shive 
and Rogers (1947) came to the conclusion that biotin was in­
volved in the carboxylation of pyruvate. Lardy ^  a^. (1947) 
14 
observed that the assimilation of NaH CO^ was markedly de­
pendent upon biotin concentration in the growth medium. 
The studies of Williams and Fiegers (1947) suggested 
that biotin might not be a component of an enzyme system at 
all; instead its affect might be on cell permeability or some 
type of surface alteration. 
The first direct evidence .on the action of biotin on 
the carboxylation of pyruvate was provided by Wessman and 
- - ]_3 
Werkman (1950)« They showed that the exchange between COp 
and oxalacetate in M. lysodeikticus was inhibited by avidin 
and by egg whites. 
The enzymes pyruvate carboxylase, P-methy1erotony1 
carboxylase, acetyl-carboxylase, and propiony1 carboxylase 
implicate biotin in the fixation reactions. They all re­
quire ATP as a source of energy. All are inhibited by 
avidin, and the last three enzymes have been shown by direct 
assay to contain biotin. Thus far, no evidence that biotin 
is involved in other primary CO^-fixation reactions has been 
reported. 
The first direct experimental evidence for the mechanism 
of action of biotin was reported by Lynen ^  aJ.. (1959) 
They showed that in a reaction catalyzed by P-methylcrotonyl-~— 
CoA, free biotin in substrate amounts would substitute for 
g-methyIcrotonyl-CoA as a CO^ acceptor. 
For more detailed information concerning the mechanism 
of COp fixation and the role of biotin, one should see the 
publications of Wood and Stjernholm ( 1962) and Numa e_t al. 
(1965). 
COg Fixation and the Biosynthesis of Protein 
lii. 
The incorporation of CO^ into the amino acids of pro­
teins by heterotrophic microorganisms has been extensively 
investigated; a summary of these studies appears in Table 1. 
• li}. 
Table 1. COg incorporation into amino acids by various microorganisms and the 
Wood-Werkman reaction enzymes observed 
Microorganism Comments 
Enzymes of the • 
Cy+COg reaction 
1. Achromobacter 
sp. 
2. Actinomyces 
naeslundii 
3. Actinomycete-
like bacteria 
from sheep 
rumen 
89^ of cell's radioactivity contained 
in the protein fraction: aspartate 
and glutamate had the highest activity ; 
ornithine, arginine, glycine and ala­
nine were also radioactive^ 
most of the 1^ , COg fixed were con­
tained in aspartate and glutamate 
M 
o\ 
PEP carboxykinase 
k. Aerobacter 
aerogenes 
extracts synthesized, radioactive, 
aspartate from pyruvate and^^GO^ 
a 
, b 
Hamilton et , 1965-
Buchanan and Pine, 1965• 
d 
'Scardovi, 1964. 
Fowler and Workman, 1952. 
I 
Table 1. (Continued) 
Microorganism Comments 
Enzymes of the 
C^+COg reaction 
5• Aspergillus 
niger 
6. Bacillus 
subtllis 
7• Clostridium 
kluyveri , 
8. Escherichia 
coll 
1 a 
synthesis of C-aspartate from 
pyruvate or PEP and l^CO^ by cell-
free extracts® 
ill -f* 
. COg fixation by whole cells 
aspartate, glutamate, valine and 
alanine were found strongly 
labelled? 
aspartate, glutamate and argl-
nine most strongly labelled 
PEP carboxykinase, 
pyruvate carboxylase 
pyruvate carboxylase 
PEP carboxylase, 
PEP carboxyklnase, 
malic enzymej 
h 
®Woronlck and Johnson, i960. 
f Wiame and Bourgeois, 1955» 
^Tomllnson and Barker, 195^'-
^Stern, 1963. 
^Abelson et al., 1952. 
•^Ashworth ejb al. , I965. 
I 
Table 1. (Continued) 
Microorganism Comments 
Enzymes of the 
C3+CO2 reaction 
9. Hansenula 
anomala 
10. Lactobacillus 
arablnosus 
11. Lactobacillus 
casei 
12. Pasteurella 
pestls • 
13. Pénicillium 
chrysop,'enum 
aspartate, glutamate and alanine 
were found labelled^ 
most of cell's activity were 
contained In aspartate 
only aspartate was labelled in 
the protein fraction^ 
radioactivity was found in 
aspartate and glutamate 
aspartate, glutamate, and 
arglnins had most of the radio­
activity; organic acids were also 
highly radioactive 
pyruvate carboxylase • 1 
PEP carboxylase, 
PEP carboxyklnase m 
m 
Lynch, and Calvin, 1952. 
"Abies, 1965. 
Baugh ^  al., 196^. 
n.. Gltterman and Knight, 1952. 
Table 1. (Continued) 
Microorganism 
l4. Pseudomonas 
methanlca 
Comments 
aspartate and malate were primary 
stable products of^^CO^ incorpora­
tion. Aspartate and glutamate 
labelled in 2 minutes^ 
Enzymes of the 
C^+COg reaction 
15. Pseudomonas sp. 
P, oxalaticus 
16. Saccharomyces 
cerevisiae 
aspartate and glutamate had the 
highest radioactivityP 
after 15-30 sec., aspartate con­
tained most of fixed l^CO^; 
glutamate, threonine, alanine 
and TCA cycle intermediates were 
also labelled^ 
PEP carboxykinase 
pyruvate carboxy­
lase, PEP g 
carboxykinase 
M 
MD 
^Johnson and Quayle, 1965» 
^Kornberg, 1956. 
"^Quayle and Keech, 1959. 
^Stoppani et aJ., 1958. 
®Rulz-Amil et aJ., 19^5. 
i. 
I 
Table 1. (Continued) 
Microorganism Comments 
Enzymes of the 
C^+COg reaction 
17. Serratia 
marcescens 
18. Staphylococcus 
aureus 
19. "Minute" 
streptococci 
20. Streptococcus 
bovis 
Al. S. faecalis 
Incorporated ^^CO^^ 
90% of cell's radioactivity was 
contained in aspartate^ 
14, 
aspartat 
COp was primarily fixed in 
V 
68-69% of cell's radioactivity was 
contained in the protein fraction; 
80-90% protein's activity was 
possessed by aspartate 
1 Y incorporated COg 
o 
McLean and Purdie, 1952. 
^Hancock and McManus, i960. 
^Martin and Niven, i960. 
^Wright, i960. 
X Piatt and Poster, 19^8, 
Table 1. (Continued) 
Enzymes of the 
Microorganism Comments • C^+CO^ reaction 
22. S. lactis , 1 K cell-free extracts fixed CO^ into 
citrullineY 
23. Streptomyces 
griseus 
aspartate, glycine, glutamate, threo­
nine, and serine, in that order, were 
labelled^ 
24. Torulopsis 
utilis 
arglnine, aspartate and glutamate were 
the principal labelled compounds; to a 
lesser extent serine, alanine, and 
glycine were also labelledY^ 
25. Vibrio cholerae 24.5^ of cell's radioactivity was in 
the protein fraction, in the 
nucleic acid fraction^^ 
^Korzennorsky and Workman^ 195^* 
^Butterworth e^ al., 1955' 
y^ Ehrenvard, 19^ 8. 
^^Inambar and Ganapathi, 1963. 
22 
Heterotrophs use carbon dioxide primarily to synthesize 
Ik 
aspartate, glutamate and arginine. The distribution of C 
among the amino acids varies depending on the fastidiousness-
of the microorganisms.' 
m. In E. coli, COg is incorporated into a number of amino 
acids (Abelson et aX., 1952); the majority of the label was 
found in aspartate, glutamate and arginine, but lysine, 
proline, and threonine also were labeled. Aspartate was 
labeled only in the carboxyl carbons, 80 per cent of which 
was contained in the P-carboxyl carbon.' The a-carboxyl 
carbon of glutamate possessed all of the tracer Isotope in 
that amino acid. 
Butterworth ^  (1955) reported that during the syn­
thesis of protein by Streptomyces griseus in the presence of 
ih, 
COg about all of the radioactivity was contained in 
aspartate, glycine, glutamate, threonine and serine, in that 
order of decreasing activity. About 80 per cent of the label 
was in the g-carboxyl carbon of aspartate; the remaining 20 
per cent was in the a-carboxyl carbon. Virtually all (96 
per cent) of the activity in glutamate was contained in the 
a-carboxyl carbon. 
Aspartate and glutamate possessed practically all of the • 
fixed by cells of Actinomyces naeslundi (Buchanan and 
Pine, 1965). The 3-carboxyl carbon of aspartate had 77 per 
23 
cent of the amino acid's activity while the remaining 23 per 
cent of the label was found in the a-carboxyl carbon. 
Wright (i960) observed that about 69 per cent of the 
lli, COg fixed by S_. bovls was contained in the protein fraction. 
Most of the radioactivity of the protein was confined to 
aspartate (80-90#). Glutamate and threonine were also label­
ed. Over 90 per cent of the activity in glutamate was con­
tained in the a-carboxyl carbon. 
The following three observations support the concept that 
the 'synthesis of the tricarboxylic acid' (TCA) cycle inter­
mediates, malate and oxalacetate, by the + CO^ condensa­
tion reaction is the role played by CO^ in protein synthesis 
(Wiarne and Bourgeois, 1955): 1) the characteristically high 
activity in the P-carboxyl carbon of aspartate in the fixa­
tion of by heterotrophs, 2) the low activity in the 
a-carboxyl carbon of aspartate, and 3) the exclusive location 
of radioactivity in the a-carboxyl carbon of glutamate. The 
incorporation of CO^ into aspartate and glutamate, and into 
the amino acids of which, they are precursors, is thereupon 
provided by the synthetic function of the cycle (Krebs and 
Lowensteln, I96I). 
A few bacteria exhibit a property of containing 
lif 
virtually all the COg fixed in aspartate. Staphylococcus 
aureus is one example (Hancock and McNanus, I960); over 90 per 
lii, 
cent of the' CO^ incorporated into protein was contained in 
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asparate. Enzymic digestion of this amino acid showed that 
the radioactivity was exclusively in the P-carboxyl position. 
Similar observations were reported in L. arabinosus (Lardy 
et al., 1949) and in "minute" streptococci (Martin and Niven, 
i960). These observations suggest that the and CO^ con­
densation reaction was functional but the TCA cycle did not 
operate to .any significant extent. Perhaps, in some of 
these organisms, the growth conditions that were employed 
rendered the TCA cycle inoperative. 
Anaplerotic CO^-fixation 
Studies with E. coll and A. aero.genes by Ajl and Work­
man (1948) first indicated the possible role that + COg 
condensation played in the metabolism of microorganisms. In 
the absence of COg, these bacteria were unable to grow in a 
minimal glucose medium. The addition of TCA cycle inter­
mediates, however, were just as effective as CO^ in promoting 
growth. Wiame and Bourgeois (1955) noted that B. subtills 
14 assimilated more CO. with glucose, arablnose or glycerol 
than with citrate or malate as substrates. They suggested 
that the replenishment of the TCA cycle by CO^ fixation was 
the reason for the higher CO^ incorporation observed with 
substrates giving rise to Cj compounds. 
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The work of Theodore and Englesberg (1964), with a 
mutant strain of Salmonella typhimurium, gave ample proof 
that the + COg sequence does indeed play an important, 
even obligatory, role of replenishing the intermediates of 
the TCA cycle, which are drained during growth. The S. 
typhimurium mutant strain lost the ability to use glucose, 
glycerol or pyruvate as a sole source of carbon and energy 
for growth. It still retained, however, the ability of the 
wild type to use the TCA cycle intermediates (Englesberg 
et al., 1961). Resting cells of the wild type strain 
metabolized glucose or pyruvate,completely in contrast to the 
mutant strain in which there was accumulation of acetate. 
The underlying reason for the difference between the wild 
type and the mutant strain in their ability to use glucose 
or pyruvate as a source of energy and carbon lie in the 
latter's lack of PEP carboxylase. Because this enzyme was 
absent in the mutant, the organism could not replenish the 
intermediates of the TCA cycle. 
This same phenomenon of replenishment of C^-acids via 
the Wood-Werkman reaction was also observed by Ashworth ^  al. 
(1965) in an E. coll mutant. Kornberg (I965) termed this 
obligatory sequence, that is ancillary to the TCA cycle, as 
"anaplerotlc CO^ fixation." Ashworth ^  a2. (I965) demon­
strated that although three types of Wood-Werkman reaction 
enzymes were present in abundant quantity, only PEP carboxy-
26 
lase affected the formation of the C^-acids necessary for 
growth in E. coll. The E. coli mutant oxidized pyruvate only 
up to acetate, which accumulated. When catalytic amounts of. 
TCA cycle intermediates were provided, however, complete 
combustion of pyruvate occurred. 
COp Fixation and Regulation of the TCA Cycle 
and Protein Synthesis 
Canovas and Kornberg (1965) demonstrated that in E. coli 
extracts oxalacetate formation was vastly stimulated by the 
addition of acetyl-CoA. The function of acetyl-CoA was more 
than just a trapping agent; in an extract of a mutant strain 
that had lost its ability to synthesize citrate from acetyl-
IIL CoA and oxalacetate, stimulation of CO-fixation by acetyl-
CoA was still demonstrable. The authors concluded that the 
stimulation of PEP carboxylase by the presence of a product 
of PEP catabolism is a means of ensuring the complete com­
bustion of acetyl-CoA and the maintenance of an acetyl-CoA 
and oxalactate supply appropriate to the needs of the 
organism. 
An earlier observation of a similar phenomenon was re­
ported by Utter and Keech (i960) with pyruvate carboxylase 
from avian liver. They observed that acetyl-CoA was 
essential to activate the enzyme. Scrutton and Utter (1964) 
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demonstrated that aoetyl-ŒoA was only required for the 
formation of a CO^-biotin-enzyme complex from bicarbonate, 
ATP, and biotin-enzyme. Kinetic studies with pyruvate car- • 
boxylase from S_. cerevisiae (Cooper and Benedict, 1966) 
indicate that acetyl-CoA was stimulatory because it caused 
a change in the tertiary structure of the protein. 
The inhibitory effect of TCA cycle intermediates on 
anaplerotic CO^ fixation have recently been reported. 
Nishikido ^  aJ. (I965) noted that the PEP carboxylase of 
E. coli was inhibited by citrate, isocitrate, a-ketoglutarate, 
succinate, fumarate and malate but not by glutarate, 
malonate, or butyrate. Freedman and Kohn (1964) demonstrated 
a similar finding with the pyruvate carboxylase from 
mammalian liver; citrate was notably the most inhibitory. 
The pyruvate carboxylase from L. arablnosus (Abies, I965) 
was also observed to be inhibited competitively by oxalace-
tate, as "was the pyruvate carboxylase of cerevisiae 
(Palacian~et al., 1966). The PEP carboxylase from _S. 
"typhimurium. however, was not inhabited by citrate or suc­
cinate (Maeba and Sanwal, 19^5)• 
The anaplerotic CO^-fixation sequence can be regarded 
as the first step of the pathway leading from a compound 
to the end-product, aspartate, since oxalacetate can be re­
moved from the TCA cycle for the synthesis of aspartate via 
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aspartate-glutamate transaminase. In analogy with the known 
regulation of amino acid synthesis in many microorganisms 
(Cohen, I965), a few studies indicate that aspartate plays 
a role in the control of PEP or pyruvate carboxylase activity 
by allosteric inhibition. Nishikido _et aJ.. (1965) observed 
86 per cent inhibition of activity with PEP carboxylase from 
E. - coli at a concentration of 5 niM aspartate. With PEP 
carboxylase from S. typhimurium, an inhibition of ^0 per cent 
was observed at a concentration 8.2 x 10~^ M aspartate, 
2.5 mM PEP and 0.1 mM .acetyl-CoA (Maeba and Sanwal, 1965)-' 
The inhibition curve of PEP carboxylase was S-shaped; this 
kind of curve is characteristic of many allosteric enzymes 
(Monod e^ aJL. , 1965) • A similar inhibition curve was also 
observed in the pyruvate carboxylase of _S. cerevisiae 
(Palacian et al., I966). The type of inhibition that 
aspartate effected was noncompetitive. The pyruvate carboxy­
lase of L. arabinosus (Abies, I965) did not conform to this 
scheme of being inhabited•by aspartate. 
COg Fixation and the Regulation of Fatty Acid Synthesis 
It is believed that the most important route of novo 
synthesis of saturated long-chain fatty acids proceeds via 
malonyl-CoA as an intermediate (Wakil, 1958; Formica and 
Brady, 1957 ; Lynen, 1959, I96I). The carboxylation of 
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acetyl-CoA to form Malonyl-CoA is the first step in the 
biosynthesis pathway leading specifically to fatty acids, as 
shown below: 
acetyl-CoA + CO^ + ATP > malonyl-CoA + ADP + Pi 
acetyl-CoA + 7 malonyl-CoA + 14 NADPH + 14 h"'' > 
(15) 
palmityl-CoA + ? CO^ + 7 CoA + Ik NADP"^ + 7 H^O (l6) 
Malonyl-CoA is then converted to fatty acid through a series 
of reactions catalyzed by fatty acid synthetase. There is no 
1 k 
net uptake of COg in the fatty acid formed. 
It had_been established by Ganguly (i960), Numa _e_t al. 
(1961), and Martin and Vagelos (1962) that the carboxylation 
of acetyl-CoA is a rate-limiting reaction in the synthesis of 
fatty acids. This was the first indication that the carboxy­
lation step is the site of regulation. 
Biotin is a prosthetic group in acetyl carboxylase and 
participates in the formation of malonyl-CoA from acetyl-CoA 
(Wakil, 1958, 1958) with the avian liver enzyme. Matsuhashi 
et al. (1964) and Lynen _e^ aX. (I963) demonstrated that the 
carboxylation of acetyl-CoA proceeds in 2 steps: 
+4-Mo» biotin-enzyme + C0_<—= > CO^-biotin-enzyme + ADP Pi 
(17) 
COg-biotin-enzyme + acetyl-CoA < > biotin-enzyme 
+ malonyl-CoA (18) 
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Numa jet (1965) demonstrated that, like other carboxy-
biotin-enzymes, the active carboxyl in carboxylated acetyl 
carboxylase is bound to the 1'-N-atom of biotin which is 
amide-linked to the £-amino group of a lysine residue in the 
enzyme protein. 
Extensive studies by Lynen et al. (1963), Matsuhashi 
et al. (1964) and Martin and Vagelos (1962) demon­
strated that the stimulation of the synthesis of fatty acids 
by the TCA cycle acids was through the acetyl carboxylase. 
Citrate was by far the most stimulatory of the TCA cycle 
intermediates for the activation of the enzyme. Lynen et al. 
(1963) studied the effect of citrate on the separate re­
action steps that the carboxylase catalyzed. Both Reactions 
17 and 18 were observed to be stimulated by citrate. The 
conformational change in the adipose tissue carboxylase may 
be correlated with citrate activation (Vagelos ^  aJ.., 1963). 
In sucrose gradient centrifugation, the sedimentation co­
efficient of the enzyme incubated with, citrate was greater 
than the one not Incubated with citrate. Pumarat^ and cis-
aconitate affected a similar phenomenon of activation and 
aggregation of the protein. A similar observation was re­
ported by Lynen ^  (1963) for the rat liver enzyme. 
Kinetic studies revealed that inhibition was competitive 
with regard to citrate and non-competitive with. acetyl-CoA, 
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bicarbonate or ATP (Numa et aJ.., I965). Aside from its 
being activated, acetyl carboxylase exhibits an interesting 
property of being Inhibited by long-chain acyl-CoA deriva­
tives (Bortz and Lynen, 1963)• The carboxylase which was 
incubated "with palmityl-CoA, in contrast to the carboxylase 
which was not, exhibited a slower sedimentation in sucrose 
gradient centrifugation (Numa et al., I965). This observation 
suggests that the inhibition of the enzyme by the long-chain 
acyl-CoA was effected by the change in the tertiary 
structure of the protein and, therefore, supports the view 
-that the acetyl carboxylase may be an allosteric enzyme. 
The regulation of acetyl-CoA carboxylase activity in 
_S. cerevisiae was demonstrated by Rasmus-&en and Klein (I967) ; 
citrate and a-glycerophosphate stimulated the enzyme, as 
well as relieved the inhibitory effect of palmityl-CoA. 
One should see Vagelos (1964) for more information with 
regard to acetyl carboxylase and lipid metabolism. 
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MATERIALS AND METHODS 
Whole Cell and Cell-free Extract Preparations 
The following organisms were employed in this study: 
Streptococcus faecium var. durans ATCC 3^9» faecalis var. 
zymogenes ATCC I2958, and S. bovis ATCC 15351» The stock 
cultures were maintained in agar deeps at -20C and in freeze-
dried condition. 
Six-liter flasks, each containing 2 liters of Brain 
Heart Infusion broth (Difco), were Inoculated with 50 ml of 
an 8-hour culture (I6 hours for S. bovis), grown in the same 
medium. After incubation for 4 hours (8 hours for S. bovis), 
the cells were harvested at 10,000 x g for 10 min in a 
Sorvall EC-2B refrigerated centrifuge. The cells for the 
whole-cell experiments were washed three times with O.IM 
K^HPO^ (pH 7.4) and the cells for the cell-free extract ex­
periments were washed three times with O.IM Tris buffer 
(pH 7.4). The cells were resuspended in their respective 
buffers. Cell-free extracts were prepared by suspending 5 
grams (wet weight) of washed cells in 20 ml of tris buffer 
and breaking the cells in a French pressure cell (American 
Instrument Co., Silver Spring, Md.) which had been previously 
cooled to 4C. Unbroken cells and debris were removed by 
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centrifugation at 20,000 x g for 15 minutes and,the super­
natant solution was the source of the extract used for the 
study. The cell-free extracts were yellowish and opalescent. 
Attempts were made to partially purify the crude ex­
tracts by dialyzing them in a cellophane bag against 5. 
volumes of O.OOIM Tris buffer (pH 7.4) at IOC. The buffer 
solution was agitated throughout the dialyzing period (4-8 
hours) by the use of a magnetic stirrer. 
Analytical Procedures 
Paper chromatography 
Paper and chamber Ascending paper chromatography, 
using Whatman No. 3 mm filter paper, with dimensions of 25 cm 
by 25 cm, was employed routinely in this study. The origin 
was located 2.5 cm each from the left hand edge and the 
bottom of the paper. The paper was stapled without overlap 
to form a cylinder and placed in a tall glass cylinder, 15 
cm in diameter and 96 cm in height. After the solvent front 
reached the top, the paper was dried in a hood. The paper 
was reformed into a cylinder by stapling the other edges and 
developed in the second solvent .1 For one-dimensional chrom­
atography, 25 cm. by 37 cm paper was used to obtain better 
separation. 
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Solvents The solvents described below were employed 
to separate various compounds. 
Sec-butanol/formic acid/water (70 ml : 10 ml :20 ml) was-
used for nucleic acid hydrolysates, Krebs cycle intermediates 
and routinely, in first dimension chromatography, for amino 
acids from protein hydrolysates. 
n-butanol/ethanol/0.5N NH^^OH (yo ml : 10 ml :20 ml) was 
employed to separate the 2,^-dinitrophenylhydrazones of a-keto 
acids. 
Ethanol/NHj^OH/water (95^ EtOH 80 ml ; concentrated 
ammonium hydroxide 5 nil : water 20 ml) was used for the 
separation of organic acids and amino acids. 
Spraying reagents The various compounds separated 
on the paper chromâtograms were located by spraying the paper 
with appropriate specific reagents. 
Amino acids were detected with a ninhydrin solution 
(0.5^ in butanol) the spray that was used ("Ninspray"), was 
purchased from the Nutritional Biochemicals Company. After 
the spraying procedure, the paper was heated to 80-90C for 
10 minutes. Better and clearer spots were developed when the 
paper chromâtogram was examined 24 hours later. 
Organic acids were located by spraying paper chromato-
grams with a mixed indicator consisting of 0.5 g of methyl 
yellow and I.5 g of brom phenol blue in 200 ml of 95^ ethanol. 
The 'reagent was adjusted to pH 6.3 with sodium hydroxide. 
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Assay of Radioactivity 
Badioautography The position of radioactive com­
pounds on paper chromâtograms was located by radioautography 
(Fink and Fink, 19^8). A paper chromatogram was. sandwiched 
between two sheets of Kodak No-Screen medical X-ray film and 
placed in an X-ray exposure casette. For estimating exposure 
time, the activity at the origin of the chromatogram before 
development was counted. An activity of 200 counts per 
minute (cpm) at the origin for one compound was sufficient 
to obtain a well-defined spot in the radioautogram after 10 
days of exposure. One of the exposed films was then 
developed with. D-l6 developer (Eastman Kodak), cleared with 
Kodak F-5 fixer (hypo), washed with water and dried. The 
other film was also developed after a week more of exposure. 
End-window counter The location of radioactive com­
pounds in paper chromât ograms and a rough estimate of their 
radioactivity was also facilitated with the use of an un­
shielded, freely moveable Geiger-Mueller end-window counter 
(Tracerlab type TGC2). The window thickness was 1.^ mg per 
2 
cm . The scaling unit used was a Model 163, Nuclear 
Instrument and Chemical Corporation, instrument. 
Flow-gas counter Radioactivity was routinely 
measured with a lead-shielded, automatic, windowless, flow-
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gas counter from Tracerlab which consisted of the SC-95 
scaler, SC-100 automatic sample chamber, SC-87A auto/printer 
and SC-88 auto/computer. All counts were corrected for back­
ground . 
Preparation of radioactive samples for counting 
Flanchets The radioactivity of samples was determined 
routinely on ringed, stainless steel planchets. A pipette 
fitted with an Adam's-suction apparatus was used to apply an 
aliquot of sample to the planehet. No correction for self-
absorption was necessary because the samples applied were 
small (0.1 ml) and equivalent throughout any one experiment. 
The samples were counted immediately after drying. 
Identification of radioactive compounds 
Two dimensional chromatography was used for the tenta­
tive identification of radioactive compounds. The position 
of radioactive spots on the reaction mixture were determined 
in relation to spots of unlabeled known compounds on control 
chromâtograms. '— ^ 
The procedure used for further identification of radio­
active compounds was parallel chromatography. In this 
process, a simultaneous development of the known and the 
unknown was made_in the same chromatogram in parallel chan­
nels. The position of the known, made visible by ninhydrin 
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spray, was then compared with the position of the unknown 
which would still'be available for further examination. 
Radioactive compounds from cells and cell-free extract . 
reaction mixtures were prepared in sufficient quantity for 
identification and degradation by one-dimensional band 
chromatography (Block ejt , 1955, P* 100) . The prelimi­
nary separation, was carried out with the sec-butanol/formic 
acid/water solvent and the radioactive band located by radio-
autography. The band was marked in pencil and cut out. 
Ascending chromatography in.water concentrated the material 
in the band. It was eluted and chromâtographed in phenol/ 
ammonia/water solvent and a radioautogram was made. 
Distribution of Carbon-14 in aspartic acid isolated from the 
celTs and reaction mixtures 
. The procedure, for the P-carboxylation of aspartic acid 
(Meister et sJ-.-, 1951) was employed in this study. A thick-
suspension of celTs of Clostridium welchii (C_. perfringens ) 
SR 12 ( 0. 5ml) suspended in 0.2 M acetate buffer (pH '4.8) was -
placed in the side-bulb of the Warburg flask. One ml of the 
radioactive aspartic acid sample (pH 4.8), which contained 
SOyuM pyruvic acid, was placed in the main compartment. The 
Warburg flask was equilibrated at 37C for 10 minutes after 
which the Ç. welchii suspension was tipped into the main 
compartment and incubated for one hour. After the incubation 
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period, 0.1 ml aliquots of the reaction mixture were placed 
into planchets and counted. 
Chemicals 
All chemicals used were obtained from commercial 
sources: succinic acid was obtained from Aldrich Chemical 
Company; citric acid, fumaric acid, and phosphoenolpyruvate 
(sodium salt) were obtained from Calbiochemical; L-malic acid 
was purchased from Eastman Organic Chemicals; Tris (hydroxyl-
methyl) aminomethane, Fisher Scientific Company; D,L-iso-
citric acid (sodium salt), and a-ketoglutaric acid, H. and M. 
Chemical Company; L-amino acids, Mann Research Laboratories; 
acetyl-coenzyme A(lithium salt), avidin, nucleoside poly­
phosphates (sodium salts), oxalacetic acid, and pyruvic acid, 
ih. 
Nutritional BiochemicaTs Corporation; NaH CO^, D,L-aspartic 
acid-4-C^^, D,l-glutamic acid-l-C^^, Volks/lsotopes; and 
glutamic decaTboicylase (Ç1. -welch.il) , Woirthlngton Biochemical 
Corporation. 
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PART I. UPTAKE BY WHOLE-CELLS OP S. PAECIUM C, — 
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INTRODUCTION 
Ever since 1918, the stimulatory effect of carbon 
dioxide on the growth of various microorganisms has been re­
ported by numerous investigators. Recently Austrian and 
Collins (1966) described the effect of COp on the growth of 
pneumococci. The stimulatory effect, if not the requirement, 
of streptococci for COg has also been reported: minute strep­
tococci (Martin and Nlven, I960) , S_. pyogenes (Mickelson, 
1964)_ and enterococci (Deibel, 1964). Wolln ejt a^ . (1959) 
demonstrated that unless CO^ is present in a medium which 
contains ammonium salts as the sole nitrogen source, S_. bovls 
is unable to grow. Even in a rich medium, CO^ is needed for 
S. bovls to attain optimum growth (Wright, I96O). Langston 
(personal communication cited in Deibel, 1964) observed a 
stimulation of growth of _S,. faecalis in a defined medium when 
carbon dioxide was added. In a highly alkaline, complex 
medium, the growth of faecium was stimulated by the addi­
tion of Na^CO^ (Chesbro and Evans, 1959). Hartman and co­
workers . (Burkwall and Hartman, 1964; Lachica and Hartman, I965) 
took-.advantage of the stimulatory effect of bicarbonate to en­
hance the recovery of-enterococci from frozen food samples 
plated in a selective medium. 
The purpose of this study was to determine the role of 
COg in the biosynthesis of amino acids by _S. faecium. 
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EXPERIMENTAL 
Pour-hour old cultures in Brain Heart Infusion broth 
were harvested by centrifugation and washed three times with 
a phosphate buffer. 
. Each of the five tubes representing five different 
incubation intervals, contained washed cells (120 mg wet 
weight), suspended in phosphate buffer (pH 7-5) which con­
tained ^mM glucose and 185 yuM NaH^^CO^ (1.2 x 10° counts/min) 
in a final volume of 5 ml and the tubes were capped im­
mediately. The suspensions were incubated for 5> 10, 20, 30, 
and 6o minutes, respectively. This experiment was replicated 
twice. The cells were killed by the addition of 2N HCl and 
were washed with the phosphate buffer. 
Chemical fractionation of the cells was carried out ac­
cording to the methods of Roberts (1955) to observe 
the distribution of the tracer among the various broad classes 
of compounds. In this manner, the flow patterns within the 
cell in response to incubation time, were measured. The 
fractions included the following: cold trichloroacetic acid 
(TCA)-soluble, ethanol-soluble, ethanol-ether-soluble, hot 
TCA-soluble, and the protein residue. According to Roberts 
§X. (1955)J the cold TCA-soluble fraction contains most 
of the transient intermediates of the cell. The alcohol-
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soluble and the alcohol-ether-soluble fractions contain 
lipids and protein. The hot TCA-soluble fraction is the 
nucleic acid fraction. 
The protein residues from cells incubated for 20, 30, 
and 6o minutes were hydrolyzed in 4 ml of 6 N HCl for l6 
hours at II5C. The protein hydrolysates were vacuum dis­
tilled to dryness repeatedly to remove HCl. The hydrolysates 
were taken up in 5 ml of distilled, deionized w.ater and con­
centrated by evaporation in the hood. The resulting solu­
tions, containing amino acids from the hydrolyzed protein 
were used for paper chromatography. After extracting the 
TCA by shaking the fraction with ether, the cold TCA-soluble 
fraction from the cells incubated for 5 minutes was desalted 
and fractionated by passing it through Dowex 50 and Dowex 
2 columns (Roberts et a^., 1955)- • 
1 li. 
Time of incubation did not affect the uptake of CO^ 
by the cell's, starting from the 5 minute incubation interval 
(Table 2) . The flow pattern within the cell, however, was a 
function of time, especially with the cold-TCA-soluble frac­
tion and the protein of the cell. At the 5-minute incubation 
period, 70 per cent of the radioactivity of the cells was 
contained in the cold TCA-soluble fraction while only about 
15 per cent was " in the protein residue. When the values in 
Table 2 are converted into percentage of ^^C uptake (Figure 1), 
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Table 2 Fixation of 
durans and t 
1.4 ~T 
__ CJ bicarbonate by S. faecium var. 
le distribution of radioactivity (in 
counts per minute) in the various cell fractions 
Time of incubât i on ( min) 
5 10 20 30 60 • 
Whole cells 58200 56600 57400 58500 58800 
Cell fractions 
Total activity recovered 55900 51900 52700 55300 52900 
Cold TCA-soluble 0 0 0 O
N 0
 
0
 
0
 
CM 23000 21000 18000 
E t hano1-s oluble 4900 4400 3100 2300 2200 
Ethanol-ether soluble 600 500 500 400 400 
Hot TCA-soluble 2600 3000 3100 3600 3300 
Protein residue 8800 19000 23000 28000 29000 
the changes can be readily seen. There is a diminution of 
activity in the cold-TCA-soluble fraction with time and a 
corresponding increase of activity in the protein residue, 
surpassing the activity of the former after 20 minutes. 
The protein hydrolysates were chromâtographed two-
dimensionally, in phenol/ammonia/water and sec/butand/ 
formic acid/water solvents. Eadioautography revealed only 
one radioactive spot from each of the three protein hydroly­
sates. Each one was ninhydrin.positive and corresponded to 
Figure 1. Kinetics of distribution after 
fixation by S. faeclum var.' durans 
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aspartate by parallel chromatography in the two solvents, 
mentioned. Serine, glycine, arginine, histidine and gluta­
mate were excluded by .parallel chromatography in both 
solvents. 
In the fractionation of the cold TCA-soluble fraction, 
only the neutral and acidic amino acid fraction was. radio­
active. Analysis of this fraction in the same maimer as 
described above revealed only one radioactive amino acid, 
aspartic acid. 
The radioactive aspartic acid samples were enzymically 
degraded by the methods of Meister et aJ. (1951) as 
described in the Materials and Methods section. Table 3 
shows that more.than 90^ of the radioactivity from each 
sample were released following the addition of the aspartate-
glutamate decarboxylase. This shows that carbon-14 was pri­
marily in the 3-carboxyl carbon of aspartic acid and implies 
that the CO^ fixation occurred via the Wood-Werkman reaction, 
followed by transamination. 
Effect of Exogenous Aspartate in the Uptake of 
1 It-
• COp by Resting Cells of faecium 
Under the same conditions as described above, resting 
I~l4 
cells of S^. faecium were exposed to |_ C_[ bicarbonate for 1 hr 
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Table 3- The P-carboxylation of radioactive aspartic acid 
samples from S. faeclum by .means of the aspartate-
glutamate decarboxylase 
Total activity (counts/min) 
Origin of radio­
active aspartate 
No enzyme 
added 
Enzyme 
added 
Activity 
released(^) 
Protein hydrolysate 
from cells incubated 
for 20 min 2586 207 92 
Protein hydrolysate 
from cells incubated 
for 30 min 4973 249 95 
Protein hydrolysate 
from cells incubated 
for 6o min 5099 459 91 
Cold TCA-soluble 
fraction from cells 
incubated for 5 min 4838 339 93 
and the effect of various concentrations of aspartate on the 
uptake of radioactivity by the cells was determined. As 
shown in Table 4, the uptake of activity was not significantly-
altered by the presence of unlabeled aspartate. 
Uptake of Radioactive Aspartic Acid and Glutamic 
Acid by Resting Cells of S. faecium 
To test the capacity of S_. faecium to use aspartic acid 
and glutamic acid, washed cells (120 mg wet weight) were sus­
pended in phosphate buffer (pH 7-5) which contained 5 glu-
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Table 4. Effect of aspartate on the incorporation of 
by cell suspensions of S. faecium 
L-Aspartate 
Activity fixed 
(counts/min/O.1 ml cell suspension) 
0 1451 
1.5 mM 1372 
3.0 mM 1378 
50.0 mM 1014 
cose and D,L-glutaniate-l-C^^ (7.0/JM; 10-^cpm) or D,L-aspartate-
(6.2/*M; 10-^  cpm) in a final volume of 4 ml. This was 
incubated at 37C for one hour. The cells were killed by 
addition of 2N HCl and were washed with phosphate buffer 
three times before measuring the activity recovered in the 
cells. Table 5 shows that virtually no radioactivity was 
incorporated into the cells suspended in D,L-aspartic acid-
and only 0.77% of the added C^^-glutamate was assimi­
lated. 
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Table 5» Incorporation of ^^C-glutamlc acid and ^^C-aspartic 
acid into resting cells of S. faecium 
Total activity Added 
recovered activity 
1 iL 
C-amino acid added 
in cells • recovered in cells 
(counts/min) (2) 
1 h 
DL-Aspartic acid - 4-C 72 0.07 
1 iL 
DL-Glutamic acid-l-C 770 0.77 
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DISCUSSION 
The results from the study with resting cells of _S. 
faecium showed that the majority of the carbon-l4 derived 
~i^  ~r from _ C_[ bicarbonate was incorporated into soluble and 
protein aspartic acid. This suggested that the intracellular 
supply of this amino acid was the limiting factor in protein 
synthesis. Furthermore, the cells were unable to assimilate 
labeled aspartic acid, and the ineffectiveness of exogenous 
Ik 
aspartate to inhibit the assimilation of COg into aspartate 
and other amino acids indicated that aspartate uptake was 
negligible. The presence of insufficient 'permease^ in S. 
faecium may have rendered the cells less inclined to utilize 
exogenous aspartate at a rate sufficient to permit maximum 
protein synthesis. Instead, it may be more efficient ,,for the 
cells to synthesize aspartate via the carboxylation of a 
three carbon unit, the reaction product of which, is trans-
aminated into aspartate. 
The permeation difficulty of aspartate has been re­
ported in a few microorganisms. Martin and Niven (i960) 
noted in their study of minute streptococci that either 
oleic acid plus aspartate or an elevated CO tension was re­
quired for optimal growth. S_. bovis (Wright, i960) fixes 
1^ COg mostly into aspartic acid in spite of an adequate 
52 
amount of the acid present in the growth medium. Further­
more, despite the presence of labeled aspartic acid in the 
medium, the organism still synthesized nearly all of the cell 
aspartic acid. Buchanan and Pine (19^5) noted that C0_ re­
quirement of Actinomyces naeslundii for growth, and its 
failure to utilize exogenous aspartic acid, was a reflection 
of the absence of aspartic acid permease in the organism. 
The distribution of carbon-l4 in cellular aspartic acid 
is consistent with the Wood-Werkman reaction, the usual route 
for the synthesis of aspartic acid by heterotrophic organisms 
(see Table 1). Studies with cell-free extracts of S_. faecium 
(Part II) revealed that pyruvate was the COp acceptor. The 
presence of aspartate-glutamate transaminase in enterococci 
was reported by Gunsalus (1950)-
]_ h. 
The incorporation of CO^ into only one amino acid, 
aspartic acid, by faecium is quite unlike most of the 
heterotrophs that have been studied (see Table 1) which 
utilize CO to glutamate and arginine as well as aspartate. 
In addition to these amino acids, some heterotrophs," e.g. 
Clostridium kluyveri and S. cerevisiae (Lynch and Calvin, 
1952), incorporate CO^ into branched chain and aromatic amino 
acids. A few heterotrophs, however, have been reported to 
utilize COg exclusively to synthesize aspartate, e.g. L. 
casei (Lynch, and Calvin, 1952), L. arabinosus (Abies, 1965), 
minute streptococci (Martin and Niven, i960), and _S. aureus 
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(Hancock and McManus, i960). It is generally accepted that 
the synthesis of glutamate is formed via the + CO^ con­
densation and the TCA cycle reaction followed by the amina-
tion or transamination of a-ketoglutarate. That no other 
14 
amino acid, except aspartic acid, incorporated CO^ may mean 
the absence of a TCA cycle in S. faecium. Another possibility 
is that the rich medium in which this organism was grown may 
have repressed formation of TCA cycle enzymes and conse­
quently their synthetic function. It may be economical 
during the "period of plenty", e.g. growth in Brain Heart 
Infusion broth, for the cell to repress some of its synthetic 
ability except for those compounds having difficulty getting 
into the cell. In Staphylococcus aureus, the TCA cycle has 
been demonstrated (Elek, 1959); yet Hancock and McManus (i960) 
observed that this organism, grown in a complex medium, 
1^ incorporated CO^ into aspartic acid but not into glutamic 
acid or any intermediates of the TCA cycle. Very recently, 
Hanson and Cox (I967) demonstrated the repression of aconi-
tase in B. subtilis and B. licheniformis and the repression 
also of isocitric dehydrogenase and fumarase in E. coli when 
glutamate was- added to a minimal glucose medium. 
5^ 
PART II. 1^20 FIXATION BY CELL-FREE EXTRACTS OF ENTEROCOCCI 
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INTRODUCTION 
The observation that S. faecium (see Part I) and S. 
bovis (Wright, i960) incorporated ^^COg into the carboxyl 
carbons of aspartic acid is a strong indication that the 
synthesis of this amino acid by these organisms was via the 
well-known Wood-Werkman reaction. This study was designed 
to demonstrate, with the use of cell-free extracts, that it 
is the Wood-Werkman reaction, through which aspartic acid is 
synthesized. A comparison was made of the mechanisms in­
volved in. COg incorporation by S_. faecium, S. faecalis, and 
S. bovis. 
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EXPERIMENTAL 
Experimental Procedure 
lix 
The COg-flxation reactions were carried out In Warburg 
flasks with two side arms under an atmosphere of 100# nitro­
gen. To one side arm was added a solution of NaH^^CO^( 10/uM, 
10^ cpm); 0.5 ml of cell-free extract of S_. faeclum, S. 
faecalls, or _S. bovls, prepared as previously described, was 
added to the other side arm. 
The flasks were flushed with oxygen-free nitrogen and, 
after obtaining a temperature equilibrium of 34C for 10 min­
utes, the contents of the side arms were tipped Into the main 
chamber. 
The reaction was stopped after one hour of Incubation by 
the addition of ^0% trichloroacetic acid. The precipitated 
protein was removed by centrifugation and an aliquot of the 
reaction mixture was pipetted into a ringed stainless steel 
planehet. The planchet was dried under a stream of air in 
the hood and the amount of radioactive carbon dioxide assimi­
lated into an organic form was determined immediately. 
Ik-COg Fixation by Cell-free Extracts of faecium 
Certain selected compounds were Incubated with a reaction 
mixture consisting of bicarbonate and phosphoenol-
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pyruvate (PEP) or pyruvate. As shown In Table 6, the results 
.indicate that the extract of S. faecium were able to fix 
in a reaction similar to that catalyzed by carboxylase. 
14 The maximum amount of CO^ was fixed when pyruvate, 
manganese chloride and adenosine triphosphate (ATP) were all 
added to the reaction mixture. The deletion of added ATP 
in the reaction mixture decreased the amount of activity 
fixed. 
An absolute requirement for a divalent cation, Mn was 
demonstrated. only partially replaces Mn'*"*' for a 
divalent cation requirement. 
The fixation of was not effective unless pyruvate 
was present. PEP was only partially effective as a CO^ ac­
ceptor; the former may have been transformed first into 
14 pyruvate before condensing with. CO^. 
ATP, inosine triphosphate (ITP) and guanosine triphos­
phate (GTP) were compared in their ability to stimulate the 
fixation rate. As shown in Table ?> ITP and GTP were only 
partially able to substitute for ATP. 
Avidin did not significantly inhibit the fixation of 
To obtain indirect evidence whether oxalacetate was the 
product, or part of the product, of the CO^ fixation, the 
planchets which contained an aliquot of the reaction mixture 
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^ Ik 
Table o. CO fixation by a cell-free extract of Strepto-
a coccus faecium var. cLurans 
Flask no. Additions 
Activity fixed 
(counts/min/O.1 ml) 
1 McCl + ATP 55 
2 Pyruvate + MnCl^ + ATP 5298 
3 Pyruvate + MgCl^ + ATP 870 
4 Pyruvate + ATP 95 
5 Pyruvate + MnClg 4050 
6 PEP + MnClg + ADP 753 
7 PEP + MnClg 430 
^Reaction mixtures (2 mil contained: trls HCl (pH 7.4), 
1 mM; NaH^^COo, ;;10 /imoles (10° counts per mln); cell-free ex­
tract, 0.5 ml." Other additions Included: 3 mM pyruvate, PEP, 
ATP, ADP; 1 mM MnCl^ and MgClp. The reaction was run for 1 
hr at 34 C and was stopped by the addition of 0.2 ml of $0% 
trichloroacetic acid. 
were allowed to stand at room temperature for 18-24 hours. 
Had radioactive oxalacetate been the sole product of the re­
action, a complete disappearance of activity would have been 
observed; disappearance or diminution of activity on the 
planchets was not discerned, however. Attempts were made to 
Isolate oxalacetate by adding carrier oxalacetate to the re­
action mixture and preparing the 2,4-dinltrophenylhydrazone of 
oxalacetate. One ml of reaction mixture was added to 5 n:g 
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Table ?• Effect of nucleotides and avidin in the carboxyla-
tion of pyruvate by cell-free extracts of _S. 
faecium var. durans 
-, Activity fixed 
Flask no. Additions (counts/min/O.1 ml) 
1 MnClp + ATP 42 
2 Pyruvate + MnClg + ATP 1826 
3 Pyruvate + MnClg 215 • 
4 Pyruvate + MnClg + OTP 790 
5 Pyruvate + MnClg + ITP 630 
Pyruvate + MnClg -r ATP + avidin l6o4 
^Experimental conditions were the same as in Table 6. 
^Additions: 3mM pyruvate, ATP, OTP, ITP; 1 mM MnCl^; 
100 y/ig avidin. 
of carrier oxalacetate and treated with 9 ml of a 2N HCl 
solution of 2,^-dinitrophenylhydrazone for one hour at room 
temperature. The hydrazone ^ solution was placed in a refrig­
erator (IOC) overnight and the crystals of hydrazone were 
collected on Whatman No. 1 filter paper. The crystals were 
washed with 5- ml of 2N HCl' and then with 1 ml of distilled 
water. The sample was dried and the radioactivity determined. 
Wo oxalacetate was detected by any of these means. 
6o 
The only radioactive product was identified by paper 
chromatography and radioautography as aspartic acid. The en­
zymic method of Meister e;t (1951) was used for the loca­
tion of the radioactive carbon atom in the aspartic acid 
molecule. The loss of more than 90% of the activity of the 
aspartic acid sample after the enzymic degradation indicated 
that the molecule was labeled at the P-carboxyl carbon. 
l4 
. Attempts were made to determine the oxalacetate- COg 
exchange reaction with the cell-free extract. This method 
was first used by Krampitz ejfc aJ.. (19^3). Oxalacetate and 
"1^  ~r 
_ C| bicarbonate were incubated with, the cell-free extract 
under various conditions; then any radioactivity incorporated 
in oxalacetate was determined. There was none; no exchange 
reaction was observed. Partial purification of the crude 
extract may have facilitated the isolation of oxalacetate 
lij, 
and the oxalacetate- COg exchange reaction. Dialysis during 
attempts at enzyme purification, however, rendered the ex­
tracts inactive. This same difficulty was encountered in 
extracts of S_. faecalls and bovls. 
12i 
COg Fixation into PEP by Cell-free Extracts of S_. bovls 
liL 
Investigation of COp fixation with extract preparations 
of _S. bovls were carried out. Table 8 shows that PEP was an 
1 li, 
effective acceptor of CO^ whereas pyruvate was not. 
61 
Table 8. 
Ik 
COp fixation by a cell-free extract of S. bovis^ 
Flask no. Additions 
Activity fixed 
(counts/min/O.l ml-) 
1 MnClp + ADP 5 
. 2 PEP + MnClp + ADP 5270 
3 PEP + MnClp 3583 
4 Pyruvate + MnCl^ + ATP 32 
5 Pyruvate + MnCl^ 30 
6 Pyruvate + ATP 13 
^Experimental conditions were the same as in Table 6. 
"1 h. 
Investigation of CO^ was fixed when PEP, MnCl^ and ADP 
were added to the reaction mixture. Even in the absence of 
added ADP, the carboxylation of PEP was still high. Table 9 
shows that IDP and GDP only substituted for ADP, partially. 
The results indicate the presence of PEP carboxykinase and 
perhaps PEP carboxylase. 
The only product of fixation detected was aspartic acid, 
labeled at the g-carboxyl carbon. " 
ilL -
Fixation of CO^ into PEP and Pyruvate by 
Cell-free Extracts of S. faecalis 
Cell-free extracts of S. faecalis were incubated in 
— lij, 
Warburg flasks with PEP or pyruvate as to the substrate CO^, 
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Table 9- Effect of nucleotides in the carboxylation of PEP 
by a cell-free extract of S. bovis^ 
Activity fixed 
Flask no. Additions (counts/min/0.1 ml) 
1 MnCl + ADP 7 . 
2 PEP + MnCl + ADP 5630 
3 PEP + MnClg + IDP 2140 
4 PEP + MnClg + GDP 1980 
5 PEP • + MhCl 2960 
^Experimental conditions were the same as in Table 6. 
as previously described. The results obtained are shown in 
Table 10, which indicates the presence of two carboxylating 
enzymes, namely, pyruvate carboxylase and PEP carboxykinase. 
1 lu 
Both pyruvate and PEP were effective acceptors of CO^. 
When pyruvate "was used as the substrate, the addition of ATP 
1 
stimulated the amount of CO^ fixed. Manganous ion ful­
filled the requirement for a divalent .cation; magnesium, ion 
only partially fulfilled this requirement. 
With PEP as substrates, the addition of ADP stimulated 
lii, the fixation of CO^. The carboxylation of PEP even'with­
out the addition of ADP may have been due to the presence of 
some ADP in the crude extract ; the possible presence of PEP 
carboxylase could not be ruled out, however. The presence of 
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Table 10. llL C0„ fixation by a cell-free 
faecalis var. zymogenes 
extract of S. 
Flask no. Additions^ 
Activity fixed 
(count/min/O.1 ml) 
1 MnClg + ATP 59 • 
2 Pyruvate + MnCl^ + ATP 2800 
3 Pyruvate + ATP 67 
4 Pyruvate + MnCl^ 970 
5 Pyruvate + MgCl^ + ATP 420 
6 PEP + MnClg 1^00 
7 PEP + MnClg + ADP 2400 
8 PEP + MgClg + ADP 224 
^Experimental conditions were the same as in Table 6. 
^Additions: Pyruvate, PEP, ATP, ADP, 3 mM each; MnCl 
and MgClg, 1 mM each. 
manganous ions was an absolute requirement. Mg was able 
to substitute for Mn , but enzyme activity was low. 
When nucleotides were compared for their ability to 
stimulate the fixation of into pyruvate, ATP, GTP and 
ITP served equally well as shown in Table 11. With PEP as 
the substrate, GDP and IDP were able to substitute for ADP. 
Avidin was not notably inhibitory to the carboxylation 
of pyruvate. 
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Table 11. Effect of nucleotides and avidin in the carboxy-
lation of pyruvate and PEP by a cell-free extract 
of S_. faecalis var. zymogenes 
Activity fixed 
Flask no. Additions (counts/min/O.1 ml) 
1 MnCl + ATP 2 39 
2 Pyruvate + MnCl^ + ATP 84? 
3 Pyruvate + MnClg + GTP 763 
4 Pyruvate + MnCl^ + ITP 701 
5 PEP + MnClg + ADP 5^9 
6 PEP + MnClg + GDP 725 
7 PEP + MnClg + IDP 692 
8 Pyruvate + MnCl^ + ATP + avidin 696 
9 PEP + MnClg + ADP + • avidin 548 
^•Experimental conditions were the same as in Table 6. 
No radioactive oxalacetate was isolated from the re­
action mixture; the product of fixation was identified as 
aspartic acid, labeled in the p-carboxyl carbon. 
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DISCUSSION 
The evidence shown in this study confirmed the view that 
the synthesis of aspartate by enterococci is via the well-
known Wood-Werkman reaction. The different species, however, 
appeared to manifest different mechanisms of the + CO^ 
condensation. In _S. faecium, pyruvate was the effective ac­
ceptor of COg. Phosphoenol pyruvate (PEP) was the effective 
COg acceptor for_S. bovls. S. faecalis manifested both COg 
fixation systems. To date, five enzymes which, catalyze the 
Cj + COg condensation have been detected, two catalyze the 
carboxylation of pyruvate and the other three catalyze the 
carboxylation of PEP. 
Results obtained from the study of cell-free extracts of 
S_. faecium indicate the presence of an enzyme necessary for 
the carboxylation of pyruvate. The enzyme appeared to be 
similar to the pyruvate carboxylase in avian liver (Utter and 
Keech, i960), yeast (Gailiusis ^ , 1964) and Pseudomonas 
citronellolis (Seubert and Remberger, 196I) in that it re­
quires a divalent cation, manganese, and adenosine triphosphate 
(ATP). Unlike the enzyme from other systems, however, it is 
not significantly inhibited by avidin. This may be inter­
preted to mean that biotin is not involved in the carboxyla-
tion of pyruvate by the Streptococcus enzymes used in the 
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present studies. The only alternative explanation is that 
the quantity of biotin in the cell extracts so far exceeded 
the biotin requirement, even in the presence of the level of. 
avidin used (100 g/ml), that the reaction proceeded un­
inhibited . 
The effect of acetyl-CoA on the activity of pyruvate 
carboxylase varies with the source of the enzyme. The car-
boxy lat ion of pyruvate in cell-free extracts of _S. faecium 
is stimulated by the addition of acetyl-CoA. This phenomenon 
is also observed in pyruvate carboxylase from Chromâtium sp• 
(Fuller ejt , I961), rat liver (Freedman and Kohn, 1964) 
and Micrococcus cerificans (Lerud and Finnerty, I967). The 
enzyme from avian liver mitochondria (Utter and Keech, i960) 
exhibits an absolute requirement for acetyl CoA. 
The fixation of activity with. PEP as the substrate may 
be ascribed to either PEP carboxykinase and/or PEP carboxy­
lase. If PEP first had to be converted to pyruvate before 
reacting with CO^, one would expect that the reaction with 
added pyruvate plus ATP would always be faster than the re­
action with added PEP plus adenosine diphosphate (ADP) 
(Woronick and Johnson, i960). The observation that pyruvate 
1 k plus ATP fixes more cOp than PEP plus ADP, indicates that 
PEP is first converted to pyruvate before reacting with 
carbon dioxide instead of vice-versa. The only radioactive 
6? 
compound isolated from the reaction mixture was asparbic 
acid. Efforts to trap oxalacetate were attempted without 
success. The incorporation of into the P-carboxyl car­
bon of aspartic acid indicates the formation of oxalacetate 
before being transaminated into aspartate. Apparently, the 
aspartate-glutamate transaminase was still quite active in 
crude extracts of S. faecium. Had inactivàtion of the ex­
tract preparations not ensued following dialysis, oxalacetate 
would have been isolated and the exchange reaction to show 
the reversibility of the reaction could have been demon­
strated. 
Unlike S. faecium, S. bovis fixes CO^ into PEP, cata­
lyzed by an enzyme similar to the PEP carboxykinase found in 
T-. thiooxidans (Suzuki and Werkman, 1958) , M. phlei (Baugh 
et al., 1958), N. corallina (Baugh et a^., 1959), P. oxalati-
cus ( Quay le and Keech, 1959) , S_. cervevislae (Canna ta and 
Stqppani, 1959)> Â- ^-Iger (Woronick and Johnson, i960), P. 
pestis (Baugh et a^., 1964) and E. coli (Ashworth et , 
1965). The presence of manganous ion fulfills the requirement 
of a divalent cation and the addition of a nucleotide di­
phosphate, ADP, stimulated the fixation of activity. The 
enzyme from bovis is particularly similar to the enzyme 
from S_. cerevisiae (Cannata and Stoppani, 1963) and E. coli 
(Ashworth et ^ ., I965) which specifically required ADP. 
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The relatively high fixation rate by S_. bovls extracts, 
even without the addition of nucleotide in the reaction 
mixture, suggests the presence also of an enzyme similar to • 
the PEP carboxylase found in spinach (Bandurski and Greiner, 
1953) v. E. coli (Amarasingham, 1959), S_. typhlmurium (Theodore 
and Englesberg, 1964), and P. pestis (Baugh ^  al., 1964). 
The enzyme in T. thiooxidans (Suzuki and Werkman, 1958) re­
quired a very low C0_ tension as shown by its small Michaelis 
constant (1.2,x 10 M bicarbonate ion). Similarly, Tchen 
and Vennesland (1955) reported that PEP carboxylase from 
wheat germ had a requirement for a very low concentration of 
CO^. This irreversible fixation reaction was shown in E. coli C — 
(Ashworth e;t aA., I965) and _S. typhimurium (Theodore and 
Englesberg, 1965) to- be the reaction responsible for the 
formation of dicarboxylic acids from carbohydrates. 
Aspartic acid was the only compound detected from the 
reaction mixtures. Carbon-14 was contained in the g-carboxyl 
carbon. Efforts were made to isolate or detect oxalacetate 
but without success. 
Pyruvate and PEP were both effective acceptors of car-
bon dioxide in cell-free extracts of S. faecalis. The en­
zyme catalyzing the carboxylation of pyruvate was similar to 
the enzyme detected in faecium. Manganous ion satisfied 
the divalent cation requirement whereas magnesium ion only 
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satisfied this requirement partially. GTP and ITP were as 
effective in stimulating the fixation of COg as ATP, unlike 
that in S_. . faeoium preparations. 
The presence of PEP carboxykinase in S. faecal is was 
demonstrated by the stimulation of the fixation rate with 
PEP as the substrate in the presence of nucleotide diphos­
phates: IDP and GDP were just as effective as ADP. Manga-
nous ion was required while magnesium ion substituted rather 
poorly. The relatively high fixation of activity despite 
no addition of nucleotides in the reaction mixture may very 
well indicate the presence of another enzyme, namely, PEP 
carboxylase. 
The only radioactive compound detected in the reaction 
mixture was aspartic acid and efforts to detect oxalacetate 
came to naught. The containment of carbon-l4 in the 3-
carboxyl carbon of aspartic acid, however, signifies its 
formation from oxalacetate. 
The demonstration that the pyruvate plus ATP CO^ fixing 
system had about the same fixation rate as the PEP plus ADP 
C0_ fixing system indicated that at least pyruvate carboxylase 
and PEP carboxykinase were present in S_. faecalis. 
The use of crude extracts of _S. faecium, _S. faecalis 
and S. bovis was adequate to indicate the probable presence 
of some enzymes involved in the Wood-¥erkman reaction. How­
ever, the failure of - obtaining even partially-purified enzyme 
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preparations necessitates a cautious interpretation. Until 
purified enzymes are investigated, the evidence presented in 
this study is indicative but not conclusive. 
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PART III. + COg REACTION AS SITE OF REGULATION 
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INTRODUCTION 
There is substantial evidence that the COg-fixation re-' 
action,- which results in the production of C^-dicarboxylic 
acid in the TCA cycle, is the key reaction which enables this 
cycle to play a biosynthetic role (Ajl and Werkman, 1948 ; 
Wiame and Bourgeois, 1955)» In view of its strategic posi­
tion, the COg-fixation reaction is a likely candidate for 
metabolic control. 
This study was pursued to determine if the intermediates 
of the TCA cycle and the amino acids related to the cycle 
control the activity of pyruvate carboxylase from S. faecium 
and S. faecalis and PEP carboxylase from'S. bovis. 
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EXPERIMENTAL 
Crude extracts of the enterococci were used in this 
study because attempts at enzyme purification resulted in 
complete loss of enzyme activity. The- experimental pro­
cedure followed was essentially the same as that in the 
determination of the carboxylating enzymes in Part II. Tri­
carboxylic acid cycle intermediates, L- alanine, L-aspartate 
L-glutamate, L- threonine, and acetyl- CoA, were each added 
to the reaction mixture of the pyruvate plus ATP CO^-fixing 
system of S_. faecium and S. faecalis and the PEP COg-fIxing 
system of _S. bovis. The effect of these compounds to the 
fixation rate were then noted. 
.faecium The effect of the various compounds in 
the carboxylation of pyruvate by cell-free extracts of S^ . 
faecium is shown in Table 12. Of the acids of the TCA cycle 
a-ketoglutaric acid was the most inhibitory (oxalacetate was 
not tested because of its instability). Succinate had 
practically no effect, while fumarate was consistently stim­
ulatory. The addition of acetyl-CoA to the reaction mixture 
lii 
also stimulated the fixation of CO^. 
The effect of various concentrations of acetyl-CoA on 
the stimulation of CO^ fixation is shown in Figure 2. The 
addition of 35/(^ • acetyl-CoA stimulated the fixation of GO 
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Table 12. Effect of certain amino acids and Krebs cycle 
intermediates in the carboxylation of pyruvate by 
a cell-free extract of S. faecium^ 
. ^ Activity fixed 
Components of the reaction mixture (counts/min/O.1 ml) 
1. Complete (pyruvate + MnClg + ATP) 898 
2. Complete minus pyruvate . 70 
3. Complete T L-aspartic acid 546 
4. Complete + L-alanine 801 
5- Complete + L-threonine 834 
6. Complete + L-glutamic acid 905 
7. • Complete + citric acid 563 
8. Complete + DL-isocitric acid 590 
9. Complete + a-ketoglutaric acid 262 
10. Complete + DL-malic acid 675 
11. Complete + succinic acid 877 
12. Complete + fumaric acid 1037 
13. Complete -T acetyl-CoA 1923 
^Experimental conditions were the same as in Table 6. 
^The final concentration of all compounds tested except 
acetyl-CoA was 0.4 mM Acetyl-CoA, ^ .0 y/M. 
Figure 2. "The stimulatory effect of acetyl-CoA in the 
fixation of by a cell-free extract of 
_S. faecium var. durans. The reaction mixture 
consisted of 1 mM tris-HCl (pH. 7.4), 10 
NaH l^ CO^  (lo6 cpm) , cell-free extract, 0~".5 
ml, 3 mM pyruvate, 3 mM ATP, and 1 mM MnCl^ 
in a final volume of 2 ml. The reaction 
was run for 1 hr at 3^ C and was stopped by 
the addition of 0.2 ml of 50 per cent 
trichloroacetic acid. 
^ o 
r 
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about six-fold. The only product of the fixation re­
action detected in the reaction mixture which contained 
acetyl-CoA, was aspartic acid. 
Of the amino acids, only L-aspartate inhibited 
fixation. The inhibition of pyruvate carboxylase activity 
at different concentrations of L-aspartate is shown in 
Figure 3- More than 50 per cent inhibition was obtained at 
a concentration of 4.0 x 10"^ M aspartate. 
S^ . faecalis The demonstration of the sensitivity of 
S. faecalis to the addition of various substrates is shown in 
Table 13.. The more dramatic inhibition of fixation 
here as compared to that of the extracts of S. faecium is 
due to the increased concentration of the TCA cycle acids 
and amino acids from 0.4 mM to 3.0 mM added to the reaction 
mixtures. As was observed in S. faecium extracts, a-keto-
glutaric acid was the most inhibitory of the acids of the TCA 
cycle while succinate had no effect at all. Surprisingly, 
fumarate was also found "inhibitory. Acetyl-CoA was stimula­
tory. Figure 4 shows the inhibition curve at different con­
centrations of L-aspartate. L-aspartate was not as in­
hibitory in the fixing of CO in extracts of S. faecalis as 
2 
in S. faecium. 
S. bovis As was already noted, crude extract prepa­
rations were used in this study, therefore, the reaction 
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Table 13. Effect of certain amino acids and Krebs cycle 
intermediates in the carboxylation of pyruvate 
by a cell-free extract of faecalis^ 
-, Activity fixed 
Components of the reaction mixture (counts/min/O.1 ml) 
1. Complete (Pyruvate + MnCl^ + ATP) 1042 
2. Complete minus pyruvate 32 
3. Complete + L-aspartic acid 249 
4. Complete + L-alanine 924 
C 
• 
Complete + L-thrèonine 977 
6 • Complete + L-glutamic acid 1035 
7, Complete + citric acid 147 
8. Complete + DL-isocitric acid 141 
9. Complete + a-ketoglutaric acid 42 
10. Complete + DL-malic acid 646 
11. Complete + succinic acid 1040 
12. Complete + fumaric acid 713 
13. Complete + acetyl-CoA 1635 
^Experimental conditions were the same as in Table 6. 
^The final concentration of all compounds tested was 
3.0 mM. Acetyl-CoA, 35 
Figure 3. The inhibitory effect of L-aspartate in the 
fixation of by a cell-free extract of 
S. faecium var durans. The ordinate 
represents the relative ratios of activity 
with, and without L-aspartate. 
80 
Vo 
0.5 
3.0 <]/! CLEt L2 IJ3 
nnhd L-- /tSSFVlFTTIC; /ICK) /\DDIED 
81 
mixture undoubtedly contained substantial quantities of 
nucleotides. Be that as it may, it was assumed that PEP 
carboxylase was directly involved in the effect of TCA cycle, 
acids and other compounds in the rate of fixation. The ef­
fects of these compounds, however, were not as great as those 
observed in extracts of S. faecium and S. faecalisPerhaps 
the carboxylating enzyme in these extracts, PEP•carboxykinase, 
was unaffected by these compounds. With, this system citrate 
was observed to be the most inhibitory whereas isocitrate 
was not at all inhibitory as shown in Table 14. Fumarate and 
acetyl-CoA were slightly stimulatory. L-aspartate was the 
only amino acid that was inhibitory. 
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Table 14. Effect of certain amino acids and Krebs cycle 
intermediates in the carboxylation of PEP by a 
cell-free extract of S. bovis& 
^ Activity fixed 
Components of the reaction mixture (counts/min/O.1 ml) 
1. Complete (PEP + MnClg) 2263 
2. Complete minus PEP l64 
3. Complete + L-aspartic acid 1830 
4. Complete + L-alanine 2194 
5. Complete + L-threonine 2186 
6. Complete + L-glutamic acid 2230 
7. Complete + citric acid 960 
8. Complete + DL-isocitric acid 2245 
9. Complete + a-ketoglutaric acid 1765 
10. Complete + DL-malic acid l6o4 
11. Complete + succinic acid 1848 
12. Complete + fumaric acid 2640 
13. Complete + acetyl-CoA 2592 
^Experimental conditions were the same as in Table 6. 
.The final concentration of all compounds tested were 
the same as in Table 12. 
Figure 4. The inhibitory effect of L-asparte in the fixation 
of CO^ by a cell-free extract of _S. faecalis 
var. zymo^enes. The experiment procedure was the 
same as in Figure 2. 
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DISCUSSION 
The absence of a cytochrome system in entercocci sign!-, 
fies the absence of Krebs cycle; however, the existence of a 
tricarboxylic acid cycle for its biosynthetic function,could 
not be ruled out. .'Of the enterococci, only S^. bovi's has been 
shown to exhibit a TCA cycle (Wright, I96O; Burchall et al., 
1964). 
The sensitivity of the carboxylating enzymes, detected 
in enterococci, to the TCA cycle intermediates imply three 
phenomena: (a) a TCA cycle exists in these organisms, (b) 
pyruvate carboxylase in S. faecium and _S. faecalis and PEP 
carboxylase in S. bovis function in replenishing the supply 
of oxalâcetate drained away for the synthesis of protein from 
the TCA cycle, (c) these enzymes are sites for the control of 
the amount of TCA cycle intermediates synthesized. 
Of the five enzymes of the C^ + CO^ reaction, only PEP 
carboxylase has been shown of physiologically import in re­
plenishing the supply of oxalacetate. This was proven pri­
marily by the demonstration that mutants of E. coli (Ashworth 
et al., 1965) and _S. typhimurium (Theodore and Englesberg, 
196^) which lack PEP carboxylase are unable to grow on pyru­
vate or its precursors unless TCA cycle intermediates are also 
added to the medium. The control of the activity of PEP car­
boxylase by the TCA cycle intermediates varies among species. 
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E. coll's PEP carboxylase (Nishikldo et aJL., 19^5; Fanning 
and Corwin, 196?) is inhibited by these organic acids while 
the PEP carboxylase of S. typhimurium (Maeba and Sanwal, 
1965) is . not affected. The activity,of PEP carboxylase of 
bovis is inhibited most notably by citrate; malate and 
succinate, but not isocitrate or fumarate, are also inhibi­
tory. 
Whether the other enzymes of the + CO^ condensation 
manifest the physiological function of replenishing oxalace-
tate is not known. Pyruvate carboxylase exhibits some fea-, 
tures, however, which express its possible importance in pro­
viding this physiological function. One feature is the ob­
servation that pyruvate carboxylase of P. citronellonis 
(Seubert and Remberger, I962) catalyzes a reversible reaction 
but favors the formation of oxalacetate. 
The inhibition of the activity of pyruvate carboxylase 
indicates that this enzyme is a site of regulation. This 
further implies that it has a similar physiological function 
as PEP carboxylase. The pyruvate carboxylase from S. faecium 
is inhibited by the intermediates of the TCA cycle, except ' 
fumarate which stimulated its activity and succinate which had 
no effect. The enzyme from S. faecalis is inhibited by all of 
the TCA cycle intermediates examined except succinate. The 
enzyme from rat liver (Freedman and Kohn, 1964) is also in­
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hibited. by these acids, especially citrate. Oxalacetate in­
hibits the activity of the enzyme from _S. cerevisiae 
(Palacian ejt sQ.., 1966) while fumarate, malate and succinate, 
do not.-
Another semblance between pyruvate carboxylase and PEP 
carboxylase is their activation by acetyl-CoA. Pyruvate car­
boxylase from avian liver (Utter and Keech, i960) absolutely 
requires this compound while the enzymes from rat liver 
(Freedman and Kohn, 1964) , Chromâtium sp. (Fuller ejb al., 
1961) and M. cerificans (Lerud and Finnerty, I967) are stim­
ulated by it. In like manner, pyruvate carboxylase of S. 
faecium and S. faecalis is stimulated by acetyl-CoA. This 
also activates the PEP carboxylase from E. coli (Nishikido 
et al. , 1965) and S_. typhimurium (Maeba and Sanwal, 1966) . 
PEP -carboxylase from S_. bovis was not significantly stimu­
lated. The stimulation curve of pyruvate carboxylase from 
S^. faecium gave a marked S-shaped curve (Figure 2) ; this kind 
of curve is characteristic of many allosteric enzymes (Monod 
^ aX. y 1965). Maeba and Sanwal (I966) also observed this 
curve with PEP carboxylase from typhimurium. This activa­
tion or stimulation of pyruvate carboxylase and PEP carboxy­
lase from different sources by acetyl-CoA would allow, there­
fore, increased synthesis of citrate and consequently other 
intermediates of the TCA cycle. Such biosynthetic reactions 
involving TCA Intermediates would be permissive. 
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Still another similarity between PEP.carboxylase and 
pyruvate carboxylase is their sensitivity to L-aspartate. 
The pyruvate carboxylases from S. faeclum and S.faecalis 
and the PEP carboxylase from S. bovis are all inhibited by 
the amino acid. L-aspartate also inhibits the activity of 
the pyruvate carboxylase from _S. cerevisiae (Palacian et al., 
1965) and the PEP carboxylases from E. coli (N.ishikido e_t al., 
1965 ; Panning and Corwin, I967) and S. typhimurium (Maeba 
and Sanwal,.1965). The C- + CO^ sequence catalyzed by PEP 
carboxylase or pyruvate carboxylase may be regarded as the 
first step of the pathway leading from pyruvate or PEP to 
the end product, aspartate, since oxalacetate can be removed 
from the TCA cycle for the synthesis of aspartate via 
aspartate-glutamate transaminase. The inhibition of pyruvate 
carboxylase or PEP carboxylase can best be explained as 
aspartate's control of these enzymes by allosteric inhibition. 
The inhibition curve of pyruvate carboxylase from faeclum 
and S^. faecalis is S-shaped, a characteristic not uncommon to 
allosteric enzymes (Monod et , 1965)• • A similar inhibition 
curve was also observed in the pyruvate carboxylase of S_. 
J 
cerevisiae (Palacian _et aj^., 19^5) and in the PEP carboxylase 
of 2" tvDhimurium (Maeba and Sanwal, I965) and E. coli 
(Nishikido et aj.., 196?) • 
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SUMMARY AND CONCLUSION 
1. Evidence from the study of cell suspensions and cell 
free extracts indicates that COg was needed "by enterococci 
for aspartic acid synthesis via the Wood-Werkman reaction 
followed by transamination. 
2. The failure of the cells to utilize exogenous 
aspartic acid and the negligible effect that the latter has 
in the amount of the carbon dioxide assimilated by S. faeclum 
is a reflection of the absence of aspartic acid permease. 
into aspartate but not into glutamate or the TCA cycle inter­
mediates suggests that either an operative TCA cycle is _ab-
sent or .the formation of the TCA cycle enzymes is repressed 
because of the rich medium in which S^. faecium was grown. 
k. Evidence has been presented which indicates that S^. 
faecium contains an enzyme necessary for the carboxylation of 
pyruvate; this enzyme appears to be similar to pyruvate car­
boxylase. ITP and GTP were not as effective cofactors as ATP 
and manganese was'more efficient in satisfying the divalent 
cation requirement than magnesium. The only radioactive pro­
duct was identified as aspartate which apparently arose from 
oxalacetate by.transamination. 
5- Unlike S_. faecium, crude extracts of S_. bovis fixed 
COp into PEP, catalyzed by an enzyme similar to PEP carboxy-
3. The incorporation of___carbon-l4 from 
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kinase. IDP and GDP were not as effective cofactors as ADP; 
manganese fulfilled the requirement for a divalent cation. 
The relatively high fixation rate, even without the addition 
of nucleotides, may be due to the presence of an enzyme simi 
lar to PEP carboxylase. Aspartate was also the only radio­
active product detected. 
6. Crude extracts of S. faecalis appeared to possess 
the ability to carboxylate pyruvate as well as PEP by re­
action similar to that catalyzed by pyruvate carboxylase and 
PEP carboxykinase, respectively. In the carboxylation of 
pyruvate, manganese was more effective than-magnesium in . 
satisfying the divalent cation requirement; ITP and OTP were 
as effective in stimulating the fixation of C0_. In the 
carboxylation of PEP, ADP, IDP and GDP were all effective 
cofactors while magnesium was less satisfactory than manga­
nese in providing the requirement for a divalent cation. 
Aspartate was the sole radioactive compound detected. 
7. The stimulatory effect of acetyl-CoA and the in­
hibitory effect by L-aspartate and some intermediates of the 
TCA cycle in the assimilation of CO^ by crude extracts of 
enterococci suggest that the pyruvate carboxylase of S_. 
faecium and S. faecalis and the PEP carboxylase of S_. bovis 
are allosteric enzymes. This implies that these enzymes are 
sites for the control of the amount of aspartate and the TCA 
cycle intermediates synthesized. 
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